We recently described mitochondrial pathology in neurons of transgenic mice with genes associated with Parkinson's disease (PD). Now we describe severe mitochondrial damage in glial cells of the mesencephalon in mice carrying a targeted deletion of parkin (PaKO) or overexpressing doubly mutated human alpha-synuclein (asyn). The number of mitochondria with altered morphology in glial cells is cell type-dependent, but always higher than in neurons. Interestingly, mitochondrial damage also occurs in mesencephalic glia of mice carrying mutated asyn controlled by the tyrosine hydroxylase promoter. Such mice do not show glial expression of the transgene, but show expression in neighboring neurons. However, we found strong overexpression of endogenous asyn in mesencephalic astrocytes from these mice. Cortical astrocytes neither display enhanced asyn expression nor mitochondrial damage. Cultivated mesencephalic astrocytes from newborn transgenic mice display various functional defects along with the morphological damage of mitochondria. First, the mitochondrial Ca 21 -storage capacity is reduced in asyn transgenic mesencephalic astrocytes, but not in astrocytes from PaKO. Second, the expression of the mitochondrial protein PTEN-induced putative kinase is constitutively increased in asyn transgenic mice, while in PaKO it reacts to oxidative stress by overexpressing this protein along with other mitochondria-related proteins. Third, the neurotrophic effects exerted by control astrocytes, stimulating cortical neurons from healthy mice to develop longer processes and larger neuronal areas, are lacking in co-cultures with transgenic mesencephalic astrocytes. In summary, glial mitochondria from transgenic mice display morphological and functional alterations. Such transgenic astrocytes fail to influence neuronal differentiation, reflecting an important role that glia may play in PD pathogenesis.
INTRODUCTION
Parkinson's disease (PD) is a neurodegenerative disease characterized by the preferential, but not exclusive loss of dopaminergic neurons in the substantia nigra (SN). Most cases of PD occur sporadically at higher ages. However, 5-10% of PD cases are familial and can be attributed to mutations in genes like alpha-synuclein (asyn) or parkin (1, 2) . The etiology of PD remains poorly understood, but several lines of evidence imply that mitochondria play a central role in neuron death (3, 4) . The first indications for a direct connection between mitochondrial dysfunction and PD stem from biochemical studies at PD autopsy material, where abnormalities in the activity of respiratory chain proteins were observed (5, 6) . This connection was reinforced by the observation that several PD genes encode mitochondrial proteins (1) . Moreover, some transgenic animals carrying PD-associated mutations develop an increased susceptibility to mitochondrial toxins (7, 8) , reductions in respiratory capacity (9, 10) and changes in the expression of proteins related to energy metabolism (11, 12) . We have recently demonstrated that mouse lines overexpressing mutated human asyn (hmsyn) without or together with a parkinExon3 deletion exhibit an increase in the number of structurally altered mitochondria in neurons (10) . The structural alterations are accompanied by a reduced activity of the mitochondrial oxidative chain. Thus, the involvement of mitochondria in PD pathogenesis that has long been postulated for humans is paralleled in the transgenic and knockout mouse models.
PD is traditionally thought of as a disease of neurons. In recent years, it has nevertheless become increasingly evident that glial cells serve more than housekeeping functions. Expression of disease-linked proteins in the different glial cell (13) may lead to a disturbed physiology in these cells. In fact, several observations indicate that glial cells are active contributors to the initiation or progression of neurodegenerative diseases, additional to their obvious role in inflammation which is often interpreted as a secondary phenomenon. This is supported by cell culture data suggesting abnormal functions of glial cells with mutations in PD-associated genes (14) (15) (16) .
Adding to our previous findings of severe structural and functional mitochondrial changes in neurons and the recent reports of glial involvement in neurodegenerative diseases, we now found severe morphological and functional damage in glial cell mitochondria of PD transgenic and knockout mouse models. The mouse lines used carried either a parkin -Exon3 deletion (PaKO) or overexpressed doubly mutated hmsyn, controlled by either the chicken beta-actin (BAsyn) or the mouse tyrosine hydroxylase (THsyn) promoter. It is particularly interesting that cultured mesencephalic astrocytes derived from all three genetically modified mouse lines fail to support neuronal differentiation, such as it is normally exerted by astrocytes. Taken together, our findings implicate that glial cells may be relevant or even essential contributors to the pathogenesis of PD.
RESULTS

Cellular distribution of the hmsyn in the brains of BAsyn and THsyn animals
Prior to the investigation of mitochondrial damage, we compared the distribution of the hmsyn in the transgenic asyn mouse lines. We performed sequential immunoperoxidase labeling with asyn-and cell type-specific antibodies. Both lines showed transgene expression in the brain, but the cell type expressing the transgenic proteins varied considerably between the lines. All transgene-expressing cells in the THsyn brain had a neuronal phenotype ( Fig. 1A and B) . The majority of these cells displayed the dopaminergic marker tyrosine hydroxylase ( Fig. 1C and D) . In contrast, mice of the BAsyn line showed transgene expression almost exclusively in astrocytes ( Fig. 1E and F) and oligodendrocytes (investigated by electron microscopic immunohistochemistry, data not shown), while immunostaining was absent in microglia of all brain regions (data not shown).
Severe mitochondrial abnormalities in mesencephalic glial cells
Recent studies of transgenic animals reported that mutations in genes associated with familial PD induce severe destruction and functional impairments of mitochondria in neurons (10, 11, 17) . On the other hand, it is increasingly recognized that glial cells express the PD-inducing genes (13, 14, 18, 19) . Furthermore, it is suspected that they may enhance or even induce neurodegenerative processes (12, 20, 21) . Thus, we asked the question to which extent mitochondria from mesencephalic glial cells of PD transgenics and knockouts are also structurally affected.
Therefore, we examined the ultrastructure of glial cell mitochondria in the SN of knockout (PaKO) and transgenic (THsyn, BAsyn) mouse lines plus age-matched non-transgenic littermates (LM). In order to elucidate a potential agedependent progression, we analyzed two different age groups of the asyn transgenic lines and three age groups of the PaKO line.
Electron microscopic analyses revealed that at all ages almost all mesencephalic glial cell types of the transgenic and knockout animals ( Fig. 2D -I ) exhibited a higher number of structurally altered mitochondria in glial cells compared with age-matched LM ( Fig. 2A-C) . These alterations comprised disintegration and reduction of mitochondrial cristae (Fig. 2E , G and I), mitochondrial enlargement and formation of protrusions or even disruption of the outer membrane (Fig. 2E) . The ultrastructure of all other glial organelles appeared normal. Representative images of neurons from transgenic animals can be found in Stichel et al. (10) .
The percentage of damaged mitochondria varied among the three different glial cell types (astrocytes, microglia and oligodendrocytes) depending on the genotype and the age of the animal.
In the PaKO line, mitochondrial damage was already noticed at 16 days and all mesencephalic glial cell types were already significantly (P ≤ 0.016) affected at this early age (Fig. 3A, C, E) . The percentage of damaged mitochondria increased during the following weeks in all glial cells (4 -8-fold) . Thus, in all glial cells, PaKO mice revealed damaged mitochondria at 3 months of age at a similar percentage as in older animals. In some cases, a slight reduction occurred with advancing age (Fig. 3A, C, E). At all time points, mitochondrial alterations were even higher in oligodendrocytes than in astrocytes or microglia (Fig. 3A, C, E) .
In BAsyn mice, the extent of mitochondrial damage was strikingly more heterogeneous than in the other two lines. The amounts of altered mitochondria in mesencephalic astrocytes and oligodendrocytes of the THsyn and BAsyn mice were similar to those of the PaKO line ( Fig. 3A and E) , while microglia of BAsyn mutants revealed a substantially lower number of structural changes compared with PaKO of the same age (Fig. 3C) . Similar to the PaKO line, oligodendrocytes were the most seriously affected glial cells in the asyn transgenics.
Since parkin has been reported to influence mitochondrial biogenesis (22) , potentially affecting our quantitative analyses, we compared the number of all mitochondria (damaged plus healthy) in each glial cell type of the transgenic and knockout lines (Fig. 3B, D, F) . The average number of mitochondria per cell type varied between the different mesencephalic glial cell types, with microglia exhibiting the lowest number (5.85 mitochondria per cell; Fig. 3D ). Most importantly, we did not find differences in mean values of the total numbers of counted mitochondria between any transgenic or knockout line and the age-matched LM (Fig. 3B, D, F) . To confirm this result, we re-counted the numbers of damaged or healthy mitochondria in all astrocytes of one vibratome section from SN of each of three 12-15-month-old animals from the mouse lines. Every section contained between 80 and 130 astrocytes, and the average numbers of healthy and damaged mitochondria in the mouse lines are shown in Figure 3H . Again, we did not reveal any significant differences in the numbers of mitochondria in transgenic astrocytes compared with LM.
In general, we observed that mitochondria of mesencephalic glial cells in the transgenic and knockout lines display severe structural deformations. The number of structurally altered mitochondria (i) reaches mature levels already at 3 months of age and (ii) is always highest in oligodendrocytes. The comparison of the analyzed transgenic and knockout lines reveals (iii) the largest extent of damage in PaKO glial cells and (iv) the total number of mitochondria is not changed in any glial cell type of the transgenic or knockout lines.
Comparison of glial and neuronal mitochondrial damage
In a recent publication, we reported similar mitochondrial damage in neurons of the same transgenic and knockout lines analyzed in this study (10) . To address the temporal and quantitative relationship of glial and neuronal mitochondrial alterations, we completed the previous neuronal data with those of 16-day-and 3-month-old mice, reanalyzed previous neuronal data using the same statistical test as in the present study and compared the neuronal and glial data pools.
In 3-month and 12-15-month-old PaKO mice, all mesencephalic glial cells exhibited a substantially higher (2.5 -7-fold) percentage of damaged mitochondria than mesencephalic neurons of the same line and age (Fig. 3A, C , E, G). The same holds true for astrocytes and oligodendrocytes of the THsyn and BAsyn lines. Hence, our comparison indicates that, in the SN of transgenic and knockout models analyzed, mitochondria in most glial cells are affected more severely than those in neurons. In addition, at the age of 3 months, mitochondrial damage in neurons was less pronounced than at higher ages, indicating a delayed development of the mitochondrial damage in neurons compared with glial cells. 
Transgene expression and damaged mitochondria in cultivated mesencephalic astrocytes
In order to perform functional analyses on cultured glial cells, we verified the occurrence of mitochondrial damage in cultured astrocytes from the transgenic or knockout animals. Therefore, we cultivated mesencephalic astrocytes from 1-day-old mice of the three transgenic and knockout lines. The purity of the astrocyte cultures was .86%, as determined by glial fibrillary acidic protein (GFAP) immunoreactivity.
First, we analyzed the expression of hmsyn in astrocytes of the BAsyn and THsyn mouse line by western blotting. Mesencephalic astrocytes from BAsyn displayed high levels of the transgene, while astrocytes from LM did not express hmsyn 
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( Fig. 4A ). In contrast, astrocytes from THsyn showed no expression of the transgene (Fig. 4B) . As a positive control, a lysate of the mesencephalon from THsyn was used to confirm the expression of hmsyn. However, when using an antibody recognizing both hmsyn and endogenous asyn, a strongly elevated expression of endogenous asyn was detected in mesencephalic astrocytes of THsyn astrocytes compared with LM and PaKO. A similarly elevated expression was not visible in cortical astrocytes. Although astrocytes from THsyn mice do not express hmsyn, mesencephalic, but not cortical, astrocytes express higher amounts of endogenous asyn than LM (Fig. 4B ). The expression of the transgene in astrocytes of the BAsyn line and its absence in astrocytes of the THsyn line is in agreement with an earlier publication in which we published the spatial distribution of the transgene expression in these mouse lines (23) . The deletion of the parkin -exon3 causes the absence of the parkin protein in all cells of the mouse model, mimicking the situation in the inherited human disease. To confirm the existence of parkin in non-transgenic astrocytes, we determined the parkin RNA level in mesencephalic C57BL/6J astrocytes by RT -PCR and found a strong expression that was absent in the PaKO astrocytes (data not shown).
We then asked whether the mitochondrial alterations in astrocytes described above occur already at an even earlier stage, such that they are already apparent in astrocyte cultures from 1-day-old mice. Electron microscopic analyses exhibited a substantially higher number of structurally damaged mitochondria in cultivated transgenic and knockout mesencephalic astrocytes compared with astrocytes from LM ( Fig. 4C-E ).
Higher magnifications of mitochondria from LM and PaKO are shown in Figure 4F and G.
The percentage of damaged mitochondria was ,2% in LM, but up to 10% in the knockout and transgenic mice. Already at this early age, astrocytes were highly significantly affected in PaKO ( Fig. 4C ) and BAsyn mice (Fig. 4E ). Mitochondrial damage was clearly visible, but the variation between astrocyte cultures derived from different litters was higher in astrocytes from THsyn than those from the other two mouse lines (Fig. 4D ).
This result demonstrates that morphological mitochondrial damage is already present in cultured astrocytes (14 DIV) from newborn mice. A comparison of these results with the numbers of damaged astrocytes in 3-month-old knockout and transgenic animals showed an age-dependent increase in ultrastructural mitochondrial changes (22, 16 and 17% after 3 m in PaKO, BAsyn und THsyn mice, respectively).
We next confirmed that these mitochondrial impairments are not caused or accompanied by an increased cell death rate, which we determined by the lactate dehydrogenase activity neither with or without stress induction by H 2 O 2 . We neither observed an increased degeneration of the cultivated cells nor an elevated susceptibility to oxidative stress (data not shown). In addition, we tested the susceptibility of astrocytes from PaKO to rotenone, an inhibitor of the mitochondrial respiratory chain. Mesencephalic astrocytes from C57BL/6 or PaKO displayed no difference in their sensitivities to different concentrations of rotenone (Fig. 4H) . Moreover, to determine whether the astrocytes are functional in energy production, we measured the resting membrane potential of transgenic and LM astrocytes by Patch Clamp recordings and did not find any significant differences (LM: 262.8 + 8.6 mV; BAsyn: 261.1 + 12.8 mV).
Reduced astrocytic mitochondrial Ca
-storage capacity
Since our results indicate changes in mitochondrial morphology, we asked the question whether these impairments are accompanied by changes in mitochondrial function. Mitochondria, next to the endoplasmic reticulum (ER), serve as Ca 2+ stores of the cell. Therefore, we analyzed the mitochondrial Ca 2+ -storage capacity by applying the fluorescent dye fura-2 AM. This dye gets excited at the wavelengths of 340 nm (Ca 2+ -bound) or 380 nm (Ca 2+ -unbound). Through this ability, fura-2 AM is frequently used to determine altered levels of Ca 2+ in the cytosol. We exposed the cells in intervals of 2 s to 1 ms light pulses, alternating at 340 or 380 nm, to detect Ca 2+ release from internal stores by changes in the ratio of the two wave lengths. An ATP stimulus (10 24 M, 10 s) was first applied to release Ca 2+ from internal stores. Ca 2+ is subsequently removed from the cytosol by mitochondria (24) and was then depleted by a 10 s stimulus with carbonyl cyanide 4-(trifluoromethoxy)phenylhydrazone (FCCP; 10 25 M), an uncoupler of the mitochondrial electron transport chain. Afterwards, the cells were again stimulated with ATP to control the integrity of the Ca 2+ response. Examples for results from LM mesencephalic astrocytes are shown in Figure 5A , D and G. In comparison, both asyn transgenics displayed a decreased FCCP peak, illustrating a reduced mitochondrial Ca 2+ -storage capacity (THsyn: Fig. 5E , BAsyn: Fig. 5H ). Calculating the mean values of the maximal ATP and FCCP peaks from four to seven different experiments revealed a statistically significant reduction in mitochondrial Ca 2+ release after FCCP treatment for THsyn (Fig. 5F ) and BAsyn (Fig. 5I) astrocytes. In contrast, mesencephalic astrocytes from PaKO did not display a similar decrease in mitochondrial Ca 2+ storage ( Fig. 5B and C) .
Upregulation of mitochondria-related proteins in transgenic and knockout astrocytes
Alterations in mitochondrial ultrastructure and mitochondrial calcium storage capacity might be accompanied by changes in the expression of proteins related to mitochondria. We compared the expression of the proteins PTEN-induced putative kinase 1 (PINK1), dynamin like protein-1 (Drp1), superoxide dismutase 2 (SOD2), mortalin and cytochrome c with and without stress induction by H 2 O 2 . We calculated the protein content in percent of actin for the single blots (Fig. 6B , E, H) and the ratios between protein levels after H 2 O 2 treatment and protein levels without treatment. Cultivated mesencephalic astrocytes from PaKO show a statistically significant upregulation of the proteins PINK1 (Fig. 6D-F) , Drp1 (Fig. 6A-C) and SOD2 ( Fig. 6G -I ) upon oxidative stress that is absent in astrocytes from non-transgenic littermates (Fig. 6C, F, I ). We did not detect a similar upregulation of the proteins after stress induction in both asyn transgenic lines (data not shown). However, in these animals, we found PINK1 more abundantly expressed even without stimulation by H 2 O 2 . In contrast, Drp1, SOD2, mortalin and cytochrome c showed no differential expression with or without stress induction (data not shown). Representative blots for PINK1 expression in THsyn astrocytes are shown in Figure 6J and in BAsyn astrocytes in Figure 6L . Western blots were repeated at least three times. The graph in Figure 6K represents the quantification of the THsyn and the graph in Figure 6M that of the BAsyn blot.
Effects of transgenic and knockout mesencephalic astrocytes on neuronal differentiation
To analyze whether the functionally and morphologically impaired astrocytes exhibit a disturbed interaction with neurons, knockout, transgenic and non-transgenic mesencephalic astrocytes were co-cultured with non-transgenic cortical C57BL/6J neurons derived from 15-day-old embryos. The experimental setup chosen was such that astrocytes were seeded in culture well inserts and cultivated in the same medium with neurons without direct contact for 2 days. Immunostaining with cell-type-specific antibodies revealed that the neuronal cultures contained .95% neurons. The shape and complexity of the neurons were described by the following parameters: (i) length of the longest process and (ii) total neuronal area (area covered by neuritic arbor). A characteristic example of a neuron co-cultured with LM astrocytes, as depicted in Figure 7A , displayed long processes, quite different from a neuron that was co-cultured with BAsyn astrocytes (Fig. 7B) . The latter exhibited substantially shorter processes. Neurons co-cultured with astrocytes from LM developed longer processes as well as larger neuron areas compared with neurons cultivated without astrocytes (Fig. 7C-H) . Neurons also exhibited highly significantly shorter processes when co-cultured with either PaKO, THsyn or BAsyn astrocytes, similar to neurons in control experiments in which the inserts did not contain astrocytes (Fig. 7C, E, G) . Furthermore, the presence of astrocytes from the transgenic or knockout mouse lines led to smaller total neuronal areas (Fig. 7D, F , H). The differences were statistically significant for THsyn and BAsyn and displayed a strong tendency for PaKO. In summary, neurons co-cultured with transgenic, knockout or without astrocytes show similar growth. Analysis of both parameters revealed that transgenic and knockout mesencephalic astrocytes have little or no positive effect on neuronal
morphology. This is strikingly different from the effects seen in co-cultures with LM astrocytes and indicates a functional disturbance of neuron -glia interactions. Moreover, we could show that the transfer of astrocyte-conditioned media had the same effects on the neuronal differentiation (data not shown).
These results implicate that the impaired support to neurons provided by the transgenic astrocytes is caused either by the lack of a soluble supportive factor or by the existence of a soluble toxic factor. To distinguish these two possibilities, we serially diluted medium conditioned with LM astrocytes either with (i) medium conditioned with PaKO astrocytes (Fig. 8A and B) or (ii) with unconditioned medium (Fig. 8C  and D) . The effects of the serial dilutions were expected to be very similar in case of a lack of a supportive factor, and different if a toxic factor was secreted by the transgenic or knockout astrocytes. For serial dilutions (i) and (ii), a sequential decrease in the trophic support was observed, down to the level of the PaKO-conditioned or -unconditioned media. It is unlikely that a secreted toxic factor would show a similar distribution and, thus, it was postulated that the knockout or transgenic mesencephalic astrocytes lack the production of a trophic factor.
Obvious candidates for the trophic factors might be brainderived neurotrophic factor (BDNF) or glial cell line-derived neurotrophic factor (GDNF). To test whether they are responsible for the effects observed, we supplemented our co-culture system with BDNF or GDNF. Neither of the two neurotrophic factors enhanced the neuronal differentiation parameters when neurons were co-cultured with transgenic astrocytes (shown for BAsyn in Fig. 9A-D) .
DISCUSSION
The most prominent feature of PD pathogenesis is the degeneration of dopaminergic neurons. The degenerative process involves structural and functional mitochondrial dysfunctions (25, 26) and the accumulation of reactive oxygen species (27) . Our latest studies on mouse models overexpressing doubly mutated hmsyn or exhibiting the loss of parkin revealed structural impairments of mitochondria in neurons (10). 1204
In this work, we demonstrate that these mouse models show severe ultrastructural mitochondrial alterations also in the different mesencephalic glial cell types. The extent of mitochondrial damage in glial cells is always higher than that in neurons and, unlike the damage in neurons, has reached maximal levels already at an age of 3 months. Interestingly, our data implicate that, at least in asyn transgenic mice, the expression of the transgene in a glial cell is not a necessary requirement for the presence of damaged mitochondria in the same cell. Instead, we found an overexpression of the endogenous asyn that occurred in mesencephalic, but not cortical, astrocytes and may be causing the mitochondrial changes.
Mitochondrial damage in mesencephalic glial cells was in some cases slightly lower in 12 -15-month-old PD transgenics and knockouts than in the corresponding 3-month-old mice. To the contrary, in neurons we found the highest levels of damaged mitochondria in the oldest animals. In mammalian cells, mitochondria are degraded by autophagy (28) , which seems to preferentially remove damaged mitochondria (29) . Through this mechanism, impaired mitochondria may be removed and then replaced by healthy ones. The lower numbers of altered glial mitochondria in 12-15-month-old mice may reflect the activity of this mechanism. If this was the reason, one would have to assume that mitochondrial damage occurs less frequently in glial cells from older animals, such that the damaged mitochondria can gradually be replaced.
It is known that Parkin contributes to mitochondrial degradation (30) . Therefore, we also analyzed the total number of mitochondria per astrocyte in the SN from the transgenic and knockout mouse lines. However, we did not find any differences in the numbers of mitochondria. These results indicate that there are either no changes in the autophagy of mitochondria or that there is an increased autophagy which cannot be detected due to a decreased rate of mitochondrial fission. In Drosophlia, it has been shown that parkin null mutants show defects in mitochondrial fission (31) .
Furthermore, we demonstrate that structural mitochondrial damage occurs already in mesencephalic astrocytes derived from 1-day-old mice carrying these PD-inducing mutations and maintained in culture for 14 days. Mitochondrial alterations were more consistently found in PaKO and BAsyn compared with THsyn. In the latter line, the variability between different experiments was higher, possibly suggesting that the damage occurred at variable extents at this young age of the animals. It is particularly interesting that glial cells from THsyn do not express the mutant protein, but express higher amounts of the endogenous asyn compared with LM. It may be considered whether this is related to the integration site of the transgene. The integration site of our BAsyn mouse line is in the gene RP24-323B22.1 on Chr. 4-A3 while that of the THsyn is unknown. Another explanation for the high expression of endogenous asyn in mesencephalic THsyn glial cells might be an early interaction between neurons (which express the transgene) and glial cells. The possible basis of this interaction could be the mutated asyn itself. Several studies have shown that asyn is secreted by neurons (32 -34) . The protein could be taken up by glial cells (35 -37) and cause a persistent enhancement of the endogenous asyn expression. The high expression of the endogenous asyn seems likely to cause the pathophysiological effects observed in THsyn astrocytes. This hypothesis is strengthened by the fact that cortical astrocytes of THsyn do not express higher amounts of the endogenous asyn. It is known from other animal models that overexpression of non-mutated asyn leads to asyn-immunopositive inclusion bodies (38) and an increased density of dopamine transporter as well as an enhanced toxicity to the neurotoxin 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (8) .
In this context, it is interesting to note that we did not find mitochondrial damage or any of the altered mitochondrial functions in cortical astrocytes from THsyn mice (data not shown), indicating that the close vicinity to neurons expressing the transgene in the mesencephalon is indeed required to induce the upregulation of the endogenous asyn.
Even though the latter explanation for the enhanced expression of endogenous asyn in mesencephalic astrocytes is more complicated than a pure integration effect, the difference between mesencephalic and cortical astrocytes renders this possibility more likely.
In further experiments, we investigated functional impairments caused by the morphological alterations of mitochondria. In our earlier work describing mitochondrial deficits in neurons, we found a reduced complex I activity of the respiratory chain in parkin knockout animals. Since our technology does not allow to determine complex I activity in the small cell numbers in astrocytes cultures, we have here concentrated on other mitochondrial functions. The ER and mitochondria are the main intracellular Ca 2+ stores, albeit the ER has a 10 4 times higher storage capacity than mitochondria. However, Ca 2+ released from the ER is rapidly removed from the cytosol by transport into mitochondria (24) . Mitochondrial Ca 2+ stores furthermore play an important role in the physiology of the cell since mitochondrial Ca 2+ uptake increases ATP production. ATP in turn is required for ER Ca 2+ cycling (39) . To determine whether the mitochondrial Ca 2+ -storage capacity is altered in astrocytes from our transgenic and knockout mice, we applied FCCP as an uncoupler of the mitochondrial electron transport chain. We found a statistically significant decrease in Ca 2+ release from astrocytic mitochondria of both asyn transgenic mouse lines. Treatment of astrocyte cultures with ATP revealed a higher amount of total Ca 2+ released in PaKO, BAsyn and THsyn cells. A potentially related observation has previously been described for cells transfected with human doubly mutated asyn, which had a higher plasma membrane ion permeability (40, 41) . Most interestingly, similar to the foregoing we saw this effect also in THsyn astrocytes which themselves lack the expression of the transgene but stem from the vicinity of neurons expressing the mutated asyn.
Both parkin and asyn seem to be involved in the maintenance of mitochondrial integrity. We could show that the altered mitochondrial structure is associated with an increased expression of mitochondria-related proteins. In PaKO astrocytes, the proteins PINK1, Drp1 and SOD2 are upregulated upon stress induction with ROS. In contrast, astrocytes from both asyn transgenics displayed a higher expression of PINK1 already under normal conditions, but did not show similar reactions to ROS treatment. Since asyn is metabolized by parkin (4), its overexpression may partly mimic the effects of the parkin knockout. Both PINK1 and Drp1 are involved in the mitochondrial fission and fusion machinery (31, 42, 43) . PINK1 acts in the same pathway with parkin (42) and mutations in PINK1 are also known to cause PD (44) . Therefore, upregulation of these proteins might be related to the observed mitochondrial alterations. An increased expression of SOD2 hints towards an over-active stress response, characterized by a stronger degradation of superoxides. In summary, mitochondria-related proteins are differentially regulated due to mutations inducing PD. Since an aberrant regulation of expression of PINK1 is detected in all three transgenic and knockout mouse lines and the PINK1 gene is related to PD itself, PINK1 may play a prominent role in the disease processes induced by parkin or asyn.
In spite of the morphological and functional mitochondrial changes in all glial cell types, we did not find any evidence for an insufficient energy production in these cells. Cell survival under normal conditions or oxidative stress, membrane potential and the sensitivity to rotenone are all unchanged. A subcritical reduction in energy production may be the explanation for the lack of neuronal degeneration in these animal models (10) .
As mesencephalic astrocytes from all transgenic and knockout mouse lines display ultrastructural and functional mitochondrial impairments, we concluded that the metabolism of the entire cell may be disturbed. Therefore, we investigated the influence of these cells on the differentiation of wild-type neurons. Neurons co-cultured in the same medium with LM astrocytes developed longer processes and covered larger areas than without the astrocyte co-culture. However, mesencephalic astrocytes from PaKO, THsyn and BAsyn were not able to support neuronal growth. Neurons cultured together with these astrocytes looked similar to those cultured in the absence of astrocytes. The experimental setup using inserts with astrocytes does not allow a direct physical contact between the astrocytes and the neurons. It is not yet known if and how the lack of trophic support provided by the astrocytes is related to the altered mitochondrial features seen in this study. The fact that astrocytes from THsyn mice, which lack expression of the transgene but show an enhanced expression of endogenous asyn, apparently cause the same effects on neuronal differentiation as astrocytes from PaKO and BAsyn, strengthens the hypothesis that adjacent transgene Figure 8 . Medium transfer after serial dilution of conditioned media. Neuronal differentiation was measured after growing of neurons in serial dilutions of astrocyte conditioned medium from LM and PaKO. The length of the longest process is shown in (A) and total neuronal area in (B). Serial dilutions of astrocyte conditioned medium from LM with unconditioned medium are shown in (C) (length of the longest process) and (D) (total neuronal area). Error bars ¼ SD, n ¼ 3, * P , 0.05, * * P , 0.01, * * * P , 0.001, one-way ANOVA. Figure 9 . Influence of transgenic astrocytes on neuronal differentiation with neurotrophic factor. The length of the longest process was measured for neurons co-cultured with LM, BAsyn or without astrocytes + BDNF or + GDNF (A and C). The quantified total neuronal area is shown in (B) and (D). Error bars ¼ SD, n ¼ 3, * P , 0.05, one-way ANOVA.
expressing neurons are able to exert a lasting influence on astrocyte physiology. The results suggest that astrocytes from all three transgenic and knockout mouse lines exhibit a defective release of soluble factors supporting neuronal differentiation (45) or release factors which are toxic to the neurons. The dilution experiments indicated that the lacking support of transgenic and knockout astrocytes to neuronal differentiation are due to the lack of neurotrophic factors. Culturing neurons in media consisting of dilutions of the LM medium with the PaKO medium resulted in a better neuronal outgrowth than a dilution of the LM medium with unconditioned medium. It seems that PaKO-conditioned media contain also amounts of neurotrophic factors leading to a better neuronal outgrowth in the different dilutions with the LM medium than the dilutions of LM with unconditioned medium.
GDNF and BDNF are secreted by astrocytes and influence the differentiation of neurons. Previous studies show a positive effect of these factors on the survival and differentiation of both TH-positive (46) and cortical neurons (47, 48) . Therefore, we added GDNF and BDNF to our co-culture system; however, adding one of these two neurotrophic factors does not rescue the failure in the neuronal differentiation. These results lead to the assumption that maybe other soluble factors are absent or that a combination of many neurotrophic factors is needed for a normal neuronal outgrowth.
Regardless of whether mice exhibit the loss of parkin or overexpress human doubly mutated asyn, mesencephalic glial cells from all transgenic and knockout mouse lines displayed severe and early structural mitochondrial changes. Functional deficits of astrocytes differed between the various transgenic and knockout lines. Astrocytes from PaKO showed an unusual upregulation of PINK1, Drp1 and SOD2 upon stress induction, which was lacking in cells from both asyn lines. The latter two lines instead exhibited a stronger expression of PINK1 already under normal conditions, but did not react to ROS treatment in the same way as PaKO astrocytes. Furthermore, they displayed a reduced Ca 2+ -storage capacity which was not seen in the PaKO cells. In spite of these differences, we demonstrated that astrocytes isolated from all three transgenic and knockout mouse lines isolated at P1 and maintained in culture for 14 days have mitochondrial deficits and lack the trophic support for neurons provided by control astrocytes. While astrocytes from THsyn did generally not express the transgene, mesencephalic astrocytes from these mice displayed an increased expression of endogenous asyn. Overexpression of endogenous asyn apparently caused similar effects as the doubly mutated hmsyn expressed in astrocytes from BAsyn. This indicates that the overexpression of asyn per se triggers the observed effects. It remains to be shown though, if and how the expression of the transgene in neighboring neurons in the mesencephalon triggers an overexpression of the endogenous asyn that is stable over 10 DIV in culture. Even though we do not yet have a full understanding of the interactions of mutated PD proteins and their influence on the functional parameters described here, our results provide further support to the assumption that glial cells contribute to the early pathogenesis of PD.
MATERIALS AND METHODS
Transgenic and knockout mouse lines
Three different transgenic and knockout mouse lines were analyzed in this study: (i) a homozygous parkin-deficient line with a targeted deletion of exon3 (PaKO) which was backcrossed with wild-type C57BL/6J for three generations (F4-generation; 94% C57BL/6J and 6% 129SvJ) and two asyn transgenic lines (C57BL/6J background) carrying the doubly mutated (A30P and A53T) hmsyn, driven by either (ii) the chicken beta-actin promoter (BAsyn) or (iii) the mouse tyrosine hydroxylase promoter (THsyn). Control mice were age-matched non-transgenic littermates (LM). The generation, behavioral and histopathological analyses of these lines have already been described (10, 23, 49) .
Housing and breeding of the animals were performed in accordance with the German guidelines of the animal care and use committee. All efforts were made to minimize the number of animals used and their suffering.
In situ
Tissue preparation. Mice were anesthetized with an overdose of ketamine (100 mg/kg) and rompun (5 mg/kg) and perfused transcardially with phosphate-buffered saline (PBS), followed by 4% paraformaldehyde (PFA) in 0.1 M phosphate buffer (PB) for immunohistochemistry or 2% PFA plus 2.5% glutaraldehyde (GA) in PB for electron microscopy. Brains were immediately removed and postfixed.
Immunohistochemistry. For sequential double-labeling brains were embedded in paraffin. Serial sagittal 3 mm thick sections were deparaffinized and antigen retrieval (5-10 min cooking in 0.01 M citrate buffer, pH 6.0) was performed (except for GFAP). After preincubation (3% normal serum), adjacent sections were treated with mouse anti-hmsyn (anti-syn211; 1:700, Invitrogen, Karlsruhe, Germany), astrocyte marker rabbit anti-cow GFAP (anti-GFAP; 1:250; Acris, Hiddenhausen, Germany), neuronal marker mouse anti-mouse NeuN (antiNeuN; 1:700; Chemicon, Schwalbach, Germany), microglia marker goat anti-human ionized calcium-binding adaptor molecule 1 (anti-ionized calcium-binding adaptor molecule 1; 1:1000; Abcam, Cambridge, UK) or sheep anti-rat tyrosine hydroxylase as marker for catecholaminergic neurons (anti-TH; 1:500; Millipore, Schwalbach, Germany). Sections were treated by the corresponding biotinylated secondary antibody (1:300, Axxora, Lörrach, Germany), ABC reagent (1:100; Axxora) and silver-gold intensification (50) .
Transmission electron microscopy. Postfixed (2 h, 48C) brains were cut with a vibratome (100 mm thick), the SN samples microdissected and placed in 2% OsO 4 for 1 h. Samples were then dehydrated with graded concentrations of ethanol and Epon-propylene oxide and flat embedded in Epon. Representative ultrathin sections were collected on Formvar-coated grids and contrasted with uranyl acetate and lead citrate. To elucidate the numbers of mitochondria per astrocyte, we counted all astrocytes on whole microdissected samples of 12-15-month-old mice (n ¼ 3) with 80-130 cells each.
Ultrathin sections were selected at random from the middle of vibratome sections to avoid potential structural irregularities possibly occurring on the surface.
Glial cells were counted if they contained a nucleus surrounded by cytoplasm and were classified according to their typical ultrastructural features (51, 52) . Briefly, astrocytes were identified by their electron-lucent cytoplasm and the appearance of their nuclei (thin rim of heterochromatin adjacent to nuclear membrane). Microglia display usually an oval or elongated nucleus with prominent clumps of chromatin throughout the nucleoplasm. Their cytoplasm contains quite commonly lysosomes and lipofuscins. Oligodendrocytes show electron-dense cytoplasms and their nuclei are rich in clumped heterochromatin close to the border of the nucleus.
Mitochondria were classified as structurally damaged when one or more of the following alterations were observed: distorted or disrupted cristae, detachment of or protrusions from the outer membrane, electron-lucent domains or inclusions in the matrix (Fig. 2) . Data are presented as a mean + SD of the means of the analyzed animals per genotype.
Statistical analyses of ultrastructural changes compared with corresponding age-matched LMs were carried out using Mann -Whitney rank-sum test (U-test, two-tailed, alpha level 0.05). The same test was used to verify statistical significances among the age groups of one genotype and the same age groups of the different genotypes (SigmaStat3.5).
Cell culture
Primary mesencephalic astrocyte cultures. Astrocytes were prepared from the mesencephalon of PaKO, transgenic THsyn and BAsyn newborn pups and the corresponding LM. After removing the meninges, the mesencephalon was dissected, diced into small fragments and incubated in 0.04 mg DNaseI and 0.1% trypsin at 378C for 15 min. Following centrifugation, the pellets were resuspended with fire-polished glass pipettes in trituration solution containing 0.5 mg/ml trypsin inhibitor, 0.002 mg/ml DNaseI and 1 mg/ml BSA. Cell suspensions were again centrifugated and the pellets resuspended in culture medium [DMEM (Dulbecco's modified Eagle Medium) with GlutaMAX TM (Invitrogen), 10% normal horse serum, 100 U/ml penicillin, 100 mg/ml streptomycin and 2.5 mg/ml fungizone] and seeded on poly-D-lysine (Sigma-Aldrich, Munich, Germany) coated cell culture flasks. For our analyses, we pooled the mesencephalons of two animals of the same genotype. Culture media were refreshed twice per week. After 14 days, cultures were seeded for experiments.
Primary cortical neuron cultures. Dissociated primary neurons were prepared from the cerebral cortex of 15-day-old C57BL/6J embryos. Meninges were removed and tissue was incubated with 0.1% trypsin and 0.04 mg DNase for 30 min. The DMEM medium with 10% normal horse serum was added and cells were centrifuged for 2 min at 900 rpm. After trituration with a fire-polished glass pipette, cells were seeded at a density of 1 × 10 5 cells/ml on cover slips in the neurobasal medium supplemented with 1 mM L-glutamine and B-27 supplement (Invitrogen).
Indirect co-culturing and medium transfer. To analyze the effect of astrocytes on the neuronal differentiation, we performed indirect co-cultures with wild-type cortical neurons and transgenic or knockout astrocytes (transwell co-culture system; 0.4 mm pore size; BD Biosciences, Heidelberg, Germany) or we transferred astrocyte-conditioned medium to neurons. Neurons were allowed to adhere for 2 h to poly-D-lysine and laminin-coated cover slips (Invitrogen). Subsequently, transwell inserts with the confluent astrocytic cell layers were added or we removed the half of the culture media and added astrocyte-conditioned media. After 2 days in indirect co-culture neurons or a medium transfer, neurons were analyzed by immunohistochemistry and morphometrics. To test the effect of BDNF (Invitrogen) and GDNF (Invitrogen) on the co-cultures, we added 10 mg/ml of the neurotrophic factors to the co-cultures.
Immunocytochemical characterization. Immunohistochemical staining was used to characterize the composition of astrocyte and neuron cultures and to identify neurons for morphometric analyses in the indirect co-culture conditions. Therefore, cells were fixed with 4% PFA, preincubated with 5% serum plus 0.1% Triton and incubated with primary antibodies [GFAP for astrocytes (1:1000, Acris) and beta-III-tubulin (1:1000, Sigma-Aldrich) for neurons]. Primary antibody binding was visualized using the corresponding biotinylated secondary antibody, ABC reagent and a silver-gold intensification (50) .
Morphometric analyses. Morphometric analyses of neurons were performed after 2 days in vitro (DIV), using the computer program ImageJ. Sixty beta-III-tubulin-immunopositive neurons chosen at random from three different cover slips ( 20 neurons/cover slip) were analyzed for each co-culture condition and experiment. Results are expressed as mean values of three independent experiments each.
Transmission electron microscopy of cells in culture. For EM analyses, cells were seeded on aclar film (Plano, Wetzlar, Germany) in a 24-well plate for 4 days. Then astrocytes Human Molecular Genetics, 2011, Vol. 20, No. 6were fixed with 2.5% GA in 0.1 M PB for 60 min and placed in 2% OsO 4 for an additional hour. After dehydration with graded concentrations of ethanol and Epon-propylene oxide, cells were embedded in Epon. Ultrathin sections were collected on Formvar-coated grids and contrasted with uranyl acetate and lead citrate. Three independent cultures of each genotype with 18 astrocytic somata each were counted.
Viability assay. Astrocytes were exposed to different concentrations of the environmental chemical rotenone (Sigma-Aldrich) dissolved in 10% dimethyl sulfoxide. ATP production was measured 24 h after treatment via CellTiterGlo w Luminescent Cell Viability Assay (Promega, Mannheim, Germany).
Western blotting. Protein expression in astrocytes was analyzed by western blotting as described previously (10) . The following primary antibodies were used: mouse anti-rat Drp1 (1:1000, BD Biosciences); mouse anti-pigeon cytochrome c (1:1.000, BD Pharmingen, Heidelberg, Germany); goat antihuman GRP75 (mortalin; 1:10.000, Santa Cruz Biotechnology, Heidelberg, Germany); rabbit anti-human PINK1 (1:10.000, Santa Cruz Biotechnology); rabbit anti-human SOD2 (1:200.000, Abcam); mouse anti-hmsyn (syn211; 1:1000, Invitrogen); and rabbit anti hmsyn (hm + endogenous asyn; 1:100, Santa Cruz Biotechnology). Western blot signals were quantified using the image analysis software TINA 2.09 and normalized against the endogenous actin level. -sensitive fluorescent dye fura-2 AM (Invitrogen). Cells were washed with extracellular recording solution containing: 145 mM NaCl, 5 mM KCl, 2 mM CaCl 2 , 1 mM MgCl 2 , 10 mM HEPES, pH 7.3. Then the cells were incubated for 45 min with 5 mM fura-2 AM and 0.02% pluronic (Invitrogen) before the cover slips were placed in a recording chamber. Measurements were performed under an inverted epifluorescence microscope using a high-speed polychromator system and a Xenon lamp and images were collected by a sensitive CCD camera. The MetaFluor software was used for data evaluation and illustration. For analysis of mitochondrial Ca 2+ storage with fura-2 AM, four to seven independent cell cultures for each genotype with two to eight cells each were imaged.
Patch clamp. Patch clamp recordings were performed at room temperature using an EPC7 amplifier, an ITC-18 interface and the Pulse software (HEKA, Lambrecht, Germany). Patch pipettes were pulled from borosilicate glass (1.17 × 1.50 × 100 mm, Science Products, Hofheim, Germany) and were fire polished to a 3 -5 MV tip resistance using a horizontal pipette puller (Zeitz Instruments, Munich, Germany). The extracellular solution used for electrophysiological recordings contained 140 mM NaCl, 5 mM KCl, 2 mM CaCl 2 , 1 mM MgCl 2 and 10 mM HEPES; pH 7.3. The patch pipette was filled with 140 mM KCl, 1 mM MgCl 2 , 0.13 mM CaCl 2 , 1 mM EGTA, 10 mM HEPES, 2 mM ATP; pH 7.3. For LM, a total of 20 cells from four animals and for BAsyn a total of 21 cells from six animals were measured.
Statistical analyses. Data are presented as the mean + SD of the means of the analyzed animals per genotype. Statistical analyses were performed using the Student's t-test or one-way ANOVA. Statistical significance was assumed at P , 0.05 (SigmaStat3.5).
